Abstract. Metallothioneins (MTs) are a family of lowmolecular-weight, cysteine-rich proteins involved in zinc and redox metabolism, that are epigenetically downregulated during colorectal cancer (CRC) progression, but may be re-induced with a variety of agents. Since loss of MT expression is associated with a worse prognosis, in the present study we investigated the effects of overexpression of the most significantly downregulated isoform in CRC, namely MT1G, on the HT-29 cell line. Overexpression of MT1G resulted in xenograft tumors with an aberrant morphology, characterized by an evident increase in mucin-containing cells that were identified as goblet cells under electron microscopy. Immunohistochemical detection of CDX2 and cytokeratin 20 was also increased, as were goblet-cell and enterocyte-specific genes by qRT-PCR. Microarray analysis of gene expression confirmed the alteration of several differentiation signaling pathways, including the Notch pathway. Using sodium butyrate and post-confluent growth as inducers of differentiation, we demonstrated that MT1G does indeed play a functional role in promoting goblet over enterocyte differentiation in vitro. Labile zinc is also induced upon differentiation of CRC cells, functionally contributing to enterocyte over goblet differentiation, as revealed using zinc-specific chelating agents. Overall, our results uncover a new tumor-suppressor activity of MT1G in promoting the differentiation of at least some CRC tumors, and implicate MTs and zinc signaling as new players in colorectal differentiation. This further contributes to the hypothesis that re-induction of MTs may have therapeutic value by diminishing the aggressiveness of CRC tumors.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide, having a mortality rate near 50% (1) . Recent studies have shown that these tumors retain multilineage differentiation processes similar to those of the normal intestinal epithelium, mainly the goblet cell and enterocyte lineages (2) . Furthermore, molecular classifications representing these cellular phenotypes can have prognostic value and be predictive of response to different therapeutic agents (3) .
Metallothioneins (MTs) are a family of low-molecularweight, cysteine-rich proteins involved in zinc and redox metabolism. By chelating zinc ions through redox-active thiol groups, they have the capacity to regulate the exchangeable, loosely-bound pool of intracellular zinc, termed the 'labile' pool, which participates in zinc transfer reactions and intracellular signaling. Thus MTs have been implicated in many aspects of tumor biology, such as proliferation, differentiation, apoptosis, angiogenesis, redox and zinc homeostasis, anti-inflammatory reactions and immunomodulation (4) (5) (6) (7) . The human genome encodes at least 11 functional MT isoforms that share structural and functional similarities. Due to their structural similarity, commercially available antibodies do not distinguish between individual MT isoforms, and therefore their individual mRNA expression levels can be measured by qRT-PCR. However, due to the fact that they are variably expressed in tissues and induced by several stimuli, it is possible that different tumors express distinct MT genes, which could help explain the conflicting data on MT function in different tumor types (6, 7) . We and others have previously shown that multiple MT1 isoforms and MT2A are downregulated during CRC progression (especially isoform MT1G) mainly through epigenetic mechanisms, and that this is associated with shorter patient survival (8) (9) (10) (11) . Several agents such as DNA methyltransferase inhibitors, histone deacetylase inhibitors or zinc are capable of re-inducing MT expression in colorectal tumors, which can Metallothionein 1G promotes the differentiation of HT-29 human colorectal cancer cells slow down in vivo tumor growth and sensitize these tumors to chemotherapeutic agents (12) . In order to help understand the phenotypic consequences of MT induction, in the present study we investigated the effects of stable overexpression of the most downregulated isoform in CRC, namely MT1G, on the HT-29 CRC cell line. We uncovered a new role for this isoform in modulating tumor differentiation and thus expand the mechanisms by which this gene may act as a tumor suppressor in CRC.
Materials and methods
Reagents and cell lines. The MT1G cDNA was cloned into the pcDNA3.1/myc-His(-)A expression vector, resulting in an MT1G-myc fusion protein as previously described (12) . Sodium butyrate and N,N,N',N'-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA), and FluoZin-3-AM (FZ) from Invitrogen (San Diego, CA, USA). The human CRC cell lines HT-29 and HCT116 were obtained from the American Type Culture Collection (ATCC; Manassas, vA, USA), maintained as previously described (8) , and subjected to STR profiling for authentication after all experiments were finalized. For post-confluent growth, day 0 was considered the day when cells reached 100% confluence, and fresh medium was replaced every 1-2 days thereafter.
Animal studies and histological procedures. Eightto 10-week-old male nude mice were subcutaneously injected (2x10 6 cells each) with two independent clones of MOCK or MT1G + cells (5 mice/group) and tumor size was measured with a caliper to calculate tumor volume using the formula: Tumor volume (mm 3 
) = [length (mm)] x [width (mm)]
2 x π/6. All animal procedures were approved by the Institutional Animal Care Board of the Leloir Institute. After 50 days, tumors were excised, formalin-fixed and paraffin-embedded for histological examination. A fraction of each tumor was preserved in RNAlater medium (Ambion Inc., Austin TX, USA) at 4̊C for 24 h, and then stored at -80̊C. RNA was extracted from RNAlater-preserved tissues using the TRIzol method (Invitrogen), and quantification and quality control were performed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Paraffin sections (4 µm thick) were re-hydrated and stained with Alcian Blue stain (1% in 3% acetic acid, pH 2.5) or processed for immunohistochemistry using the vectastain Universal Elite ABC kit (vector Laboratories, Inc., Burlingame, CA, USA) with citrate buffer antigen retrieval and the following antibodies: anti-cytokeratin 20 (KS 20.8; Dako Corporation, Carpinteria, CA, USA) and anti-CDX2 (clone EPR2764Y; Cell Marque, Rocklin, CA, USA).
For transmission electron microscopy, freshly xenografted tumors were cut into small (~1-mm thick) pieces and promptly fixed in 2.5% glutaraldehyde in phosphate-buffered saline (PBS) for 2 h, washed and fixed for 90 min in 1% osmium tetroxide in phosphate-buffered saline (PBS), de-hydrated in acetone gradients and included in resin. Semi-(0.5 µm) and ultra-thin (70 nm) sections were cut and contrasted in 2.5% uranyl-acetate, and visualized using a Zeiss EM 109T microscope coupled to a digital CCD Gatan ES1000W camera.
Gene expression profile analysis and qRT-PCR. Total RNA was extracted, and mRNA expression was analyzed using an Agilent Custom microarray 8x15K (Agilent Technologies, Palo Alto, CA, USA), which contained 15,744 oligonucleotide probes representing >8,200 different human transcripts. Two samples from each group were used to detect mRNA expression; each biological replicate was run in duplicate, and the fluorochromes were swapped to reduce dye-bias; in total eight 15K microarrays were scanned using the Axon Confocal Scanner 4000B (Molecular Devices, Sunnyvale, CA, USA) with optimized settings: dye channel, 635 nm, PMT=720, laser power, 30%, scan resolution, 10 nm; dye channel, 532 nm, PMT=540, laser power, 30%, scan resolution, 10 nm; line average, 4 lines. The data were analyzed using GenePix ® Pro 6 Microarray Acquisition and Analysis Software (Molecular Devices) and normalized with the MIDAS v2.2: Microarray Data Analysis System (TIGR's Microarray Data Analysis System). Normalization was necessary to compensate for variability between slides and fluorescent dyes. To this end we employed a locally weighted linear regression [Lowess (13, 14) ]; data were filtered using low-intensity cutoff and replicate consistency trimming.
The differentially expressed genes among the MT1G + , and control (MOCK) sets were identified using the significant analysis of microarray (SAM) statistical software from MultiExperiment viewer (Mev) (TIGR's Microarray Data Analysis System). In the comparisons of MT1G + vs. MOCK, the genes that were all upregulated in the comparisons were identified as the persistently upregulated genes, and the genes that were all downregulated in the comparisons were defined as the persistently downregulated genes.
The gene annotation enrichment analysis using Gene Ontology (GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www. genome.jp/kegg/) data for gene sets was performed using Database for Annotation, visualization, and Integrated Discovery (DAvID) software (15, 16) . A Benjamini p-value of 0.05 was used in the analysis.
Quantitative reverse-transcription PCR (qRT-PCR) was used to quantify mRNA levels as previously described (8) . Briefly, PCR runs were carried out using SYBR Universal Master Mix (Applied Biosystems, Carlsbad, CA, USA), and relative expression levels were determined by the ΔΔCt method using ACTB gene expression to normalize all samples. The primers used are listed in Table I .
Alkaline phosphatase activity measurement. The activity of this enzyme was used as a marker of differentiation of HT-29 cells (17) . For this purpose, confluent cell lines were lysed in 10 mM Tris (pH 7.4), 1 mM MgCl 2 , 20 µM ZnCl 2 , 0.2% Triton X-100 + protease inhibitors, and incubated with NBT-BCIP as the chromogenic substrate for 16 h at 37̊C. The resulting brown precipitate was solubilized in 10% SDS, 10% HCl and absorbance was measured at 595 nm.
siRNA transfection. Two siRNAs targeting the MT1G isoform (si1G.1 and si1G.2) and one targeting all functional MT-1 and MT-2 isoforms were previously validated (12) , and transfected at 125 nM using LF2000 (Invitrogen) as described by the manufacturer. After 24 h of siRNA treatment, medium was replaced with or without 2 mM sodium butyrate for 48 h, and cells were collected for RNA extraction or ALP activity measurement.
Scratch assays and gelatin zymography. We used the scratch assay to estimate the migration capacities of MOCK and MT1G + cell lines, which were plated in triplicate in 24-well plates until they reached confluence. Two perpendicular scratches were made with a pipette tip, after which the cells were washed thrice in PBS and replaced with 1% fetal bovine serum (FBS) medium. Areas with the same wound length were selected and photographed until complete wound closure. Wound closure at a given time t was calculated as: (initial wound length -wound length at time t)/initial wound length x 100.
To determine gelatinase activity of matrix metalloproteinases (MMPs), upon reaching confluence medium was replaced with serum-free Dulbecco's modified Eagle's medium (DMEM) for 24 h, and the conditioned medium was centrifuged at 1,200 x g for 5 min, and immediately loaded into 10% polyacrylamide electrophoretic gels with or without 2.5 mg/ml gelatin (Sigma-Aldrich) as described in (18) . Coomasie Blue staining of the non-gelatin gels were used as a loading control.
Measurement of intracellular labile zinc.
For this purpose we employed the cell-permeable zinc-specific fluorophore FZ as described in (12) . Briefly, cells were plated in triplicate in sterile plastic coverslips (for fluorescence microscopy) or in 96-well plates (for fluorimetric analysis), and incubated for 30 min at room temperature with 2 µM FZ in PBS, washed in PBS and incubated a further 30 min in PBS at room temperature. Propidium iodide staining was used to control for plating differences and data are expressed as normalized fluorescence FZ = (F -FTPEN)/(FZn -FTPEN), so as to get values relative to a 'maximum' intensity given by pretreatment with zinc 400 µM for 8 h (FZn, resulting in FZ=1) and a 'minimum' intensity given by 20 µM TPEN treatment during the final 30 min incubation of fluozin (FTPEN, resulting in FZ= 0). This score allowed us to better compare results of the different experiments.
Statistical analysis. Data are expressed as mean ± SEM and p-values <0.05 were considered significant. Comparison of means was carried out using Student's t-test, with one-way ANOvA followed by Dunnett's post hoc t-test for three or more groups, or with two-way ANOvA followed by Bonferroni's post hoc t-test for two variables. GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) software was used for analysis. + cells grew at similar rates compared to the empty-vector ('MOCK')-transfected cells (data not shown), in stark contrast to the antiproliferative effects we had previously observed using the HCT116 cell line (12) . However, hematoxylin and eosin (H&E) staining (Fig. 1A) showed that MT1G + tumors contained a higher number of mucin-containing, Alcian Blue-positive cells (Fig. 1B) that were confirmed to be goblet cells by transmission electron microscopy (Fig. 1C) . Nuclear expression of the intestine-specific homeobox transcription factor CDX2 was markedly enhanced in the MT1G + tumors, as shown by immunohistochemical staining on Fig. 1D , as was also the intensity of cytokeratin 20 (Fig. 1E) . The latter also suggests that commitment to the enterocyte lineage may be enhanced as well. Indeed, both goblet-associated (TFF3, ATOH1 and MUC2) and enterocyte-associated genes (HSI, CA2 and ALPI) were overexpressed in the MT1G + tumors by qRT-PCR analysis (Fig. 1F) , suggesting that MT1G + tumors are more differentiated than MOCK controls.
Results
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+ tumors using cDNA microarrays. We then used cDNA microarrays to profile the mRNA expression of MOCK and MT1G + HT-29 xenografts, derived from two different MT1G
+ or MOCK clonal cell lines (MT1G-1 and MT1G-2, or MOCK-1 and (Table II) . GO analysis indicated that several functional categories were enriched by DAvID, and included upregulated genes associated with cell differentiation, cell fate commitment and Notch signaling pathway, as well as downregulated genes in the categories of regulation of apoptosis, cell migration and cell proliferation (Table III) . Differentially expressed genes were also analyzed for KEGG pathway enrichment and two significantly enriched pathways were identified between upegulated or downregulated genes: the Notch signaling pathway and pathways in cancer, respectively.
Given the finding of downregulated genes in the cell migration category, we performed migration 'scratch' assays in the HT-29 and HCT116 cell lines overexpressing MT1G, and found in both cell lines a statistically significant reduction in migration rates upon MT1G overexpression ( Fig. 2A and B) . Gelatin zymography using conditioned media from these cells, however, revealed no differences in MMP2 activity (Fig. 2C) .
Next, in order to further investigate the involvement of MT1G in the differentiation of HT-29 cells, we used two different and well-known cell culture conditions to stimulate the in vitro differentiation of these cells: sodium butyrate (BUT) treatment (19) and post-confluent cell growth (20) . We used TFF3 and MUC2 mRNA expression as surrogate markers for the goblet cell lineage, and HSI and CA1 mRNAs, along with enzymatic alkaline-phosphatase activity (ALP) for enterocytes.
Involvement of MT1G in butyrate-mediated differentiation of HT-29 cells.
Sodium butyrate is a well-known inducer of differentiation in CRC cell lines (21), and indeed, as shown in Fig. 3B ). To determine whether the induction of MTs has a functional role in butyrate-induced differentiation, we used siRNAs to inhibit the induction of only MT1G (si1G.1 and si1G.2) or of all MT1 and MT2 isoforms (siMTs), as previously described (12) . Fig. 3C shows that siRNA pre-treatment partially mitigated MT1G induction after BUT treatment and markedly, also diminished the induction of CDX2 (Fig. 3D) , and of goblet-cell marker TFF3 (Fig. 3E) . Notably, BUT treatment had no effect on mRNA levels of MUC2, as has been previously reported by others (17) (data not shown). In contrast, although the enterocyte-specific markers HSI and CA1 were markedly upregulated at 2 mM BUT, silencing of MTs had no effect on their induction ( Fig. 3F and G) , or on the cell-cycle arrest mediator CDKN1A/p21 (data not shown), whereas ALP activity was only slightly, but significantly reduced (Fig. 3H) .
We next treated HT-29 MOCK and MT1G + cells with butyrate. Notably, as depicted in Fig. 4A , whereas CDX2 mRNA levels were similarly induced, MT1G overexpression markedly enhanced the induction of TFF3 (Fig. 4B) , whereas it blunted that of HSI (Fig. 4C) . Therefore, both silencing and overexpression of MT1G support the hypothesis that this gene favors goblet over enterocyte differentiation upon butyrate treatment of HT-29 cells. 
Involvement of MT1G in post-confluent differentiation of HT-29 cells.
Next, we studied the expression of MT1G in the post-confluent growth of HT-29 cells, where this cell line is known to differentiate poorly (20) . In this setting, MT1G mRNA was transiently induced at day 1 post-confluence, after which its expression was significantly reduced (Fig. 5A) . In contrast, CDX2 and enterocyte-specific genes HSI and CA1
were transiently induced at day 3, two days after MT1G induction ( Fig. 5B-D) . Notably, TFF3 expression mirrors MT1G expression, until day 14 when it is induced again (Fig. 5E ). These time-course analyses again favored the association of MT1G induction with goblet over enterocyte differentiation. Notably, as with BUT treatment, MUC2 expression was not altered in this context (Fig. 5F ). We were unable to perform siRNA-mediated silencing of MT1G in this setting, as cells did not survive in a totally confluent state for >1 day after transfection. When growing HT-29 MOCK and MT1G + cells post-confluence, we noted no difference in the induction of ALP activity between these two cell lines (Fig. 6A) . Notably however, in the latter, CDX2 mRNA was induced at significantly higher levels (Fig. 6B) whereas HSI induction was abolished (Fig. 6C) . While we noted no differences in the induction of TFF3 mRNA (data not shown), our data also implies a role for MT1G expression in counteracting enterocyte differentiation of HT-29 cells.
Labile zinc levels in butyrate-treated and post-confluent HT-29 cells. Given the close relationship between MTs and zinc biology, we analyzed the levels of intracellular labile zinc in both models of differentiation, using the zinc-specific fluorophore FZ. Notably, after 72 h of 2 mM BUT treatment, FZ intensity was significantly induced in the HT-29 cells (Fig. 7A) . We used TPEN treatment to chelate intracellular labile zinc before the addition of butyrate, and found that this abolished both CDX2 and HSI mRNA induction (Fig. 7B and C) , but had no effect on TFF3 levels (Fig. 7D) . In the post-confluence model, as shown by fluorescence microscopy in Fig. 7E and by fluorimetry in Fig. 7F , FZ intensity was induced at day 2 and progressively increased thereafter. Given that TPEN exposure for >6 h is toxic to HT-29 cells, we used daily 5-h TPEN treatments to evaluate the effect of labile zinc on goblet and enterocyte markers. Notably, TFF3 mRNA expression was significantly induced at days 1-3 post-confluence in TPENtreated cells (Fig. 7G) , whereas there was no effect on either CDX2 or HSI levels (not shown).
In summary, labile zinc was induced in both models of intestinal differentiation, and its chelation by TPEN treatment either inhibited enterocyte differentiation (butyrate model) or induced the expression of goblet-cell markers (post-confluency model).
Discussion
In the present study, we uncovered a new role for MT1G in altering the differentiation properties of the HT-29 cell line. We previously showed that induction of MTs by HDACi agents such as trichostatin A and sodium butyrate (BUT) is at least partly responsible for their cytostatic effects on human CRC cell lines, and that exogenous MT1G overexpression in the colorectal HCT116 cell line resulted in growth inhibition in nude mouse xenografts (12) . Notably, whereas MT1G overexpression did not alter the in vivo xenograft growth rate of HT-29 cells, it markedly increased the number of goblet cells and differentiation markers of these tumors, both of the goblet and the enterocyte lineages. These effects were not readily observed in 2D culture (data not shown), suggesting that additional signals from the tumor microenvironment may be needed to fulfill this effect. The reasons for the different observed phenotypic consequences of MT1G overexpression in these two cell lines are unclear, but a possible explanation may stem from the differences in endogenous MT1G expression: HCT116 cells do not express MT1G due to promoter hypermethylation and therefore the impact of MT1G overexpression may be stronger than that in HT-29 cells, which express low, but detectable mRNA levels (8) .
In an effort to understand the molecular mechanisms underlying the altered differentiation of MT1G + tumors, we performed mRNA expression profiling by cDNA microarrays. The expression of several genes involved in the regulation of cell differentiation was found to be altered, particularly in the Notch signaling pathway, whose inhibition is well known to stimulate goblet cell differentiation in the intestine through activation of ATOH1 (22) . Notably, markers of different sets of intestinal stem cell markers were differentially dysregulated in MT1G + tumors, with upregulation of HOPX (expressed in quiescent stem cells) and downregulation of Lgr5 (in crypt base columnar stem cells), again suggesting altered differentiation hierarchies (23, 24) . Further studies are warranted to explore this in further detail.
To further characterize the involvement of MT1G in colorectal differentiation, we relied on two well-studied cell culture conditions: sodium butyrate and post-confluent growth. We showed that endogenous MT1G induction was required for the induction of goblet cell markers by butyrate, and was temporally associated with such markers in the confluency model. Moreover, stable exogenous MT1G overexpression favored goblet and blunted enterocyte differentiation in both models. Previous studies have shown MTs to be upregulated in vitro upon CRC differentiation (25) , and demonstrated a role for MTs in modulating differentiation in different tissues, such as human salivary gland tumor cells (where MT1F overexpression resulted in slower growing and more differentiated tumors) (26) , leukemic (27) neurons and glial (28) , and T cells (29) . However, to the best of our knowledge, this is the first study showing a direct functional involvement of a metallothionein isoform in CRC differentiation.
Labile zinc ions have been recognized as secondary messengers capable of transducing a wide variety of intracellular signals (30, 31) , including differentiation (32) (33) (34) . MTs can regulate labile zinc concentrations and zinc transfer to different cellular organelles (35) , as well as respond to changes in intracellular zinc ions (36) . We showed in the present study that labile zinc was increased during differentiation induced both by butyrate and confluency, and that this was required for enterocyte differentiation by butyrate, whereas it blunted goblet marker induction in post-confluency. While the reason behind the differences observed in both models are unclear, the overall effects of zinc induction favor an enterocyte over goblet differentiation. Notably, although labile zinc increases have already been reported to occur during butyrate-mediated differentiation of the HT-29 cell line and have been associated to defined stages of the cell cycle (37) , in the present study, we reported for the first time a functional consequence of labile zinc induction in this process. Previous studies in other tissues have shown that MTs transiently translocate to the nucleus during early phases of differentiation to release the zinc ions necessary for zinc-dependent transcription factors to execute the differentiation programs of adipocytes and myoblasts (38, 39) . Although we previously showed that MTs in HT-29 are localized to the cytoplasm (8), we were not able to detect a nuclear shift in either of the differentiation models that we used in the present study (data not shown), although this possibility should be studied in further detail. Taking into account our results, we hypothesize that MT1G induction during differentiation may play a role in the chelation and re-distribution of intracellular labile zinc, perhaps modulating the activity of zinc-requiring transcription factors and enzymes, and stimulating the differentiation program of colorectal cells. In vitro, our results showed that MT1G favors a goblet over enterocyte differentiation, although our mouse xenografts assays suggest that in vivo the differentiation into enterocytes is also stimulated, perhaps as a compensatory mechanism or in a non-cell autonomous manner. The precise mechanisms whereby this occurs and the participation of MT1G (and other MTs) in labile zinc redistribution during differentiation need to be studied in further detail. Moreover, tumor classifications based on gene signatures associated with different cell types suggest that tumors of the more differentiated 'goblet-' or 'enterocyte-like' subtypes have a better prognosis than undifferentiated 'stem-like' subtype, as well as different responses to therapeutic agents. Therefore, better understanding of the molecular mechanisms that govern the differentiation processes of tumor cells may be of clinical relevance.
Overall, in the present study, we unveiled a pro-differentiation effect of MT1G on various CRC cells, thus proposing a new mechanism whereby MT1G may act as a tumor suppressor in this tumor type. Moreover, we established a functional consequence of transient increases in labile zinc upon differentiation stimuli, and support the need of further studies relating zinc signaling and differentiation, that may ultimately underlie tumor cell phenotypes and response to therapies.
